Background/Aims: Circular RNAs (circRNAs) make up a large class of non-coding RNAs and play important roles in a variety of diseases, including nervous system diseases and cancers. The intestinal epithelium is sensitive to ionizing radiation, radiotherapy of abdominal or pelvic tumors or nuclear accident exposure can lead to high radiation toxicity, which can result in radiation-induced intestinal injury. The goal of this present study was to analyze the potential roles of circRNAs in radiation-induced intestinal injury. Methods: Mice were divided into two groups: control group and irradiated group. Irradiated group was 3.5 days after 14Gy abdominal irradiation (ABI) group. We started with RNA-seq of circRNA changes in mouse jejuna after radiation and validated by RT-PCR in the following experimental. miRNAs targeted mRNAs were predicted using proprietary software based on target scan and Miranda. The network of circRNA-miRNA-mRNA was illustrated by cytoscape software. Results: 2751 circRNAs were detected in the two groups. At day 3.5 post-radiation, 42 and 48 circRNAs were found to be significantly upregulated and downregulated, respectively, compared to the control (p≤0.05, Fold Change ≥2). Further, the altered expression of 10 circRNAs (chr18:35610871-35613502+, chr15:95864225-95894541+, chr3:96041338-96042928-, chr5:64096979-64108263+, chr19:16705875-16710941-, chr5:134491893-134500149-, chr19:42562552-42564341+, chr5:32640331-32664400+, chr3:72958113-72960367-and chr8:79343654-79372364-) were verified by RT-PCR. Compared the miRNA-targeted mRNAs with our mRNAs sequencing data, we found 14 upregulated circRNA-targeted mRNAs were also unregulated and 22 downregulated circRNAs-targeted mRNAs were also downregulated. Gene ontology and KEGG pathway analyses indicated the predicted genes were mainly involved in the MAPK signaling pathway. Conclusions: This study reveals that expression of circRNAs was altered in the jejuna of mice post-irradiation and provides a resource for the study of circRNAs in radiation-induced intestinal injury and repair.
also alleviate radiation-induced intestinal injury. However, as mentioned above, there are currently no recognized means of preventing or treating radiation-induced intestinal injury. Due to the high tissue and developmental stage specificity of circRNAs, these molecules are regarded as potential disease biomarkers. As circRNAs are widely expressed in vivo, we believe that there are circRNAs expressed in the intestine that play an important role in radiation-induced intestinal injury and repair. According to a previous report, mice suffer the most severe intestinal injury at 3.5 days post-radiation and recover by day 5 through intestinal repair. Therefore, sequencing of mouse jejuna was performed at 3.5 days postradiation, in order to identify circRNAs associated with radiation-induced injury and protection.
Materials and Methods

Mouse model of radiation-induced intestinal injury
Male C57BL/6 mice, aged 8-10 weeks and weighing 20-22 g, were purchased from Huafukang Biotechnology Co. Ltd (Beijing, China). All mice were housed in a temperature-controlled and specificpathogen-free environment with a 12 h light/dark cycle and fed standard chow and water ad libitum. Abdominal irradiation was performed using a Cs137γ-ray irradiator (Atomic Energy of Canada, Chalk River, Ontario, Canada), where lead shielding was used to protect other parts of the body from irradiation. Mice were exposed to 14 Gy at a rate of 1 Gy/min at room temperature. Day 3.5 post-radiation, the mice were sacrificed and their jejuna harvested and frozen at -80°C. All experimental procedures and protocols were conducted in accordance with the guidelines of the local animal care and use committee.
Samples and RNA isolation
The mice were divided into control group and irradiated group. The control group contained three non-irradiated mice and the irradiated group contained three mice exposed to14 Gy abdominal irradiation. RNA was isolated from the jejuna of the control group and irradiation group at 3.5 days post-radiation using TRizol reagent (Ambion) according to the manufacturer's instructions. The sample RNA concentrations were measured at an OD260/280 using a NanoDrop ND-2000 instrument (Thermo, Waltham, MA, USA). The integrity of the RNA in the samples was assessed using denaturing agarose gel electrophoresis.
High-throughput sequencing
High-throughput whole transcriptome sequencing and subsequent bioinformatics analysis were performed by Cloud-Seq Biotech (Shanghai, China) as follows. First, rRNA was removed from the total RNA using a Ribo-Zero rRNA Removal Kit (Illumina, USA) according to the manufacturer's instructions. Library Construction RNA libraries were constructed using a TruSeq Stranded Total RNA Library Prep Kit (Illumina, USA) from the rRNA-depleted RNA according to the manufacturer's instructions. RNA quality and quantity in the libraries were controlled for using the BioAnalyzer 2100 system (Agilent Technologies, USA). Libraries were denatured into single-stranded DNA molecules, captured on Illumina flow cells, amplified in situ as clusters, and sequenced for 150 cycles on an Illumina HiSeq Sequencer according to the manufacturer's instructions.
Sequencing analysis of circRNA
Paired-end reads were obtained from the Illumina HiSeq 4000 sequencer. After 3' adaptor-trimming and removal of low quality reads using cutadapt [28] software (v1.9.3). The resulting high-quality trimmed reads were used to analyze circRNA. The high-quality reads were aligned to the reference genome/ transcriptome using STAR [29] software and circRNAs were identified using DCC [30] software and annotated from the circBase [31] database.
Identification of differentially expressed circRNAs
Edger [32] software was used to normalized the data and analyze circRNAs for differential expression. Any circRNAs exhibiting fold-changes ≥ 2.0 with P-values ≤ 0.05 were considered significantly differentially expressed. The housekeeping gene GAPDH was used as a reference for normalization. The primers were designed using the "out-facing" strategy, where circle template was amplified (Table 1) . Total RNA was reverse-transcribed into complementary DNA using a PrimeScript RT Reagent Kit (Perfect Real Time; TaKaRa, Osaka, Japan) and subjected to qRT-PCR on an Applied Biosystems 7500 Fast Real-Time PCR System. Three independent assays were performed for all samples, where samples were assessed in triplicate. The relative expression of the circRNAs was calculated using the 2−ΔΔCt method.
Gene ontology and KEGG pathway analysis of selected circRNAs
Gene ontology (GO) and KEGG analyses were performed for differentially expressed circRNA-associated genes. GO analysis assessed molecular functions, biological processes, and cellular components. The top 10 enriched GO terms among the two groups were highlighted as differentially expressed. KEGG pathway analysis was performed to identify pathways associated with circRNAs targeted mRNAs..
Analysis of circRNA-miRNA-mRNA network
Recent studies have reported that circRNAs can precisely regulate miRNA levels by absorbing miRNA and, thus, acting as "miRNA sponge." To explore the functions of circRNAs, as well as deduce which circRNAs function as miRNA sponges, predictions of interactions of differentially expressed circRNAs with miRNAs were made using popular miRNA target gene prediction software.
The miRNA binding sites and target mRNAs were predicted using proprietary software based on targetscan and Miranda. Using each circRNA with its miRNA-binding and predicted miRNA sites as data, cytoscape software was used to construct a circRNA-miRNA-mRNA network map and, thus, visualize interactions between these molecules.
Results
Expression pattern of circRNAs in mouse jejuna after exposure to radiation A total of 2751 circRNAs were identified in mice jejuna at baseline and 3.5 days postradiation based on at least one read spanning a head-to-tail splice junction. Of these, 1809 circRNAs were already included in the circBase or had been identified in previous studies, while 942 circRNA were first observed in this present study.
The 2751 circRNAs were found to be located in genes across all chromosomes (Fig. 1A) . Chromosomes 1-19 contained more than 80 circRNAs each and X had 42 circRNAs, while the Y and mitochondrial chromosomes contained less than 10 circRNAs. There were 2418 exonic circRNAs, which ranged in size from 80 nt to more than 2000 nt (3.34%) and most (14.36%) were 301-400 nt long (Fig. 1B) , the average length was 732.58 nt.
Although most of the genes (67.70%) generated a single circRNA, 553 genes generated two or more circRNAs. Among these, 222 (13.97%) of genes generated more than two circRNAs and some genes (1.93%) generated more than 6 circRNAs (Fig. 1C) . As presented in Fig. 1D , these 2751 circRNA were from a variety of regions, including exonic (87.90%), 
Identification of differentially expressed circRNAs after exposure to radiation
Among the 2751 circRNAs, 1970 circRNAs were detected in the control group, 1845 circRNAs were detected at day 3.5 post-radiation, and 1064 circRNAs were detected in both groups ( Fig. 2A ). Of these, 90 circRNAs differentially expressed at 3.5 days post-radiation were selected, where 42 were upregulated and 48 downregulated (Fig. 2B) . Based on the data presented in Table 2 , the miRNAs and miRNAtarget mRNAs associated with these circRNAs were identified using our mRNA sequencing results. As shown in Fig. 2C , 14 upregulated circRNAtargeted upregulated mRNAs and 22 downregulated circRNA-targeted downregulated mRNAs (Table 3) were subjected to GO and KEGG pathway analyses to characterize the circRNA-miRNA-mRNA network.
Validation of circRNA expression by qRT-PCR
To validate the expression levels of differentially expressed circRNAs, 5 upregulated and 5 downregulated circRNAs from day 3.5 post-radiation were selected and expression levels were confirmed by qRT-PCR (Fig.  3) . The qRT-PCR results for the upregulated and downregulated circRNAs were consistent with the 
Functional analyses of miRNA target genes
To understand the functions of genes associated with the differentially expressed circRNAs, GO analysis was performed. GO analysis included identification of molecular functions (Fig.  4A) , biological processes (Fig. 4B) , and cellular components (Fig. 4C) . Of the molecular functions, the two main functions identified were binding and catalytic activity. The primary biological process identified was secretion, such as cytokine and cell secretion. When classified according to cellular component, the largest proportion of target genes was in the cell part and cell categories.
The functions of the predicted circRNA-target mRNAs were characterized by KEGG pathway analysis (Fig. 4D) . The differentially expressed circRNA-target mRNAs were associated with the MAPK signaling pathway, leishmaniasis, glutamatergic synapses, leukocyte transendothelial migration, etc. For the MAPK signaling pathway (Table  4) , four predicted mRNAs, Cacna1e, Mras, Prkcb, Ptpn7 were found to be involved in this pathway. Prkcb was also found to be involved in the calcium signaling pathway, tight junction leukocyte transendothelial migration, glutamatergic synapses, and leishmaniasis. It has been reported that EGF-mediated activation of the Ras/Raf/ Mek/Erk/MAPK signaling pathway is involved in intestinal stem cell proliferation [33] and more than half of mitosis by intestinal stem cells and transit amplifying progenitors relies on high levels of EGF within the crypt-domains [34] . Mihaescu [35] reported p38 MAPK is an important signaling pathway in radiation-induced colitis. Irradiation induces an increase in leukocyte and platelet recruitment, myeloperoxidase activity, CXC chemokine levels, and intestinal leakage. Inhibition of p38 MAPK decreases radiation-induced leukocyte and platelet recruitment.
Prediction of miRNA binding sites and circRNA-miRNA-mRNA networks
The selected 42 upregulated circRNAs with 14 associated targeted mRNAs and 48 downregulated circRNAs with 22 associated targeted mRNAs were used to construct a circRNA-miRNA-mRNA network (Fig. 5) . The resulting network is very complicated, where one circRNA can interact with multiple miRNAs and one miRNA can inhibit multiple mRNAs. The miRNA mmu-miR-7092-3p interacted with the most circRNAs and mRNAs. Its target gene, Ephb2, is an intestinal stem cell marker and has been studied extensively in colorectal cancer [36] . The functions of circRNAs and their target genes in the intestine require additional studies in the future.
Discussion
In this present study, we performed a basic analysis of the functions of circRNAs associated with radiation-induced intestinal injury. Using sequencing technology, 2751 Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry circRNAs were identified from control and irradiated mice, where 1809 circRNAs had been previously identified and 942 were first observed in this study. Among the 2751 circRNAs, 1845 circRNAs were detected at 3.5 days post-radiation, which is the time point where the most severe intestinal injury is observed. The 2751 circRNAs were located across all the chromosomes, including the sex and mitochondrial chromosomes. These circRNAs were derived from a variety of regions, including exonic, sense overlapping, and intronic regions. We selected 90 significantly regulated circRNAs and predicted their interacting miRNAs and miRNA-targeted mRNAs. For certain circRNAs, both the circRNA and their target mRNA(s) were upregulated or downregulated, as circRNAs function as competing endogenous RNAs and can interact with microRNAs through microRNA-response elements to cause miRNAinduced gene silencing. By comparing the prediction results with the mRNA sequencing results, 14 upregulated circRNA-targeted mRNAs and 22 downregulated circRNA-targeted mRNAs were identified. Based on their consistency of regulation, they may have greater chances of interacting.
Using the selected mRNAs, GO analysis was performed. It was found these mRNAs function mainly in the biological processes of cytokine and cell secretion, which may be associated with radiation-induced enteritis [37] . Some researchers have compared inflammatory bowel disease and normal segments of colon from patients with radiation proctitis against normal controls and found that radiation-induced tissue damage is associated with elevated levels of interleukins, especially interleukin-1β [38] . Perhaps these secretion processes are associated with increasing levels of interleukins.
KEGG signaling pathway analysis revealed the differentially expressed circRNA-target mRNAs are involved in the MAPK signaling pathway, leishmaniasis, glutamatergic synapses, and leukocyte transendothelial migration. As mentioned above, the MAPK signaling pathway is involved in intestinal stem cell proliferation [34] and radiation-induced colitis [35] . The third related pathway is leukocyte transendothelial migration, which is a key step in the inflammatory response. The KEGG signaling pathway analysis indicates that the differentially expressed circRNA-target mRNAs are mainly involved in the radiation-induced intestinal inflammatory response and intestinal stem cell regeneration.
The circRNA-miRNA-mRNA network is very complex, where one circRNA may have multiple miRNA binding sites and interact with multiple miRNAs. For example, CDR1as contains more than 70 binding sites for miR-7 and can also interact with miR-671 [3] . One miRNA can also interact with multiple circRNAs or one miRNA may play different roles by inhibiting different mRNAs. For example, in colon cancer, miR-7 inhibits the proliferation and migration of colon cancer cells by regulating FAK [39] . However, in the human colonic epithelial cell line LS174T, miR-7 binds to the 3' UTR of TFF3 to inhibit proliferation and migration via the PI3K-AKT signaling pathway [40] . Our comparison of circRNA-target mRNAs with sequencing mRNA results may facilitate screening for downstream targets.
More than 70% of cancer patients suffer from radiation therapy as the intestine is sensitive to radiation and is hard to shield. Treatments, such as hematopoietic stem cell transplantation and abdominal/pelvic tumor radiotherapy, injure the intestine to different degrees. Radiation-induced intestinal injury leads to intestinal mucosal injury, microbial translocation, inflammation, and, in severe cases, even death. Some researchers have reported methods of reducing structural damage to the intestine or promoting recovery of the intestinal structure after irradiation. However, there are currently no recognized approaches for the prevention and/or treatment of radiation-induced intestinal injury. The circRNA sequencing results in this study predicted that circRNAs are differentially expressed after irradiation and the miRNA and mRNA prediction results suggest that some mRNAs are involved in signaling pathways and biological functions with roles in the radiation-induced intestinal inflammatory response and intestinal stem cell regeneration. It is reasonable to conclude these differentially expressed circRNAs may play important roles in radiationinduced intestinal injury and/or repair.
In conclusion, our study is the first to delineate the expression profiles of circRNAs in mouse intestines after radiation. Abundant circRNAs were found in the jejuna of mice, where Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry some circRNAs were differentially expressed post-radiation. Interacting miRNAs were predicted for the differentially expressed circRNAs by analyzing the mRNA sequencing results, potential gene ontologies, and identifying involved signaling pathways. The sequencing results and predictions provide a resource for further mechanistic studies. However, the sponge function of circRNAs and their target mRNAs was predicted, this function needs to be experimentally verified. As there are currently no recognized methods of preventing and/or treating radiation-induced intestinal injury, the circRNA analysis performed in this present study may provide novel avenues for radiation-induced intestinal injury studies. We hope to identify circRNAs that help protect the intestine from irradiation that can be used or targeted to lessen intestinal injury from radiation therapy in the clinic.
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